Transgene expression in eukaryotic cells suffers from epigenetic effects that result in low or unstable transgene expression and high clonal variability. The use of epigenetic regulators is a promising approach to alleviating such unwanted effects. we investigated the effect of the strong human EF1-α promoter combined with six cisacting elements on transgene expression in transfected Chinese hamster ovary (CHO) cells. The six elements included the human cytomegalovirus immediate early core promoter element (hCPE), three synthetic enhancer element (SEE1, SEE2, Syn1), human cytomegalovirus immediate early enhancer (hCMV-IEE), and a regulatory element isolated from CHO-K1 genomic DNA (C77). The respective vectors were transfected into CHO cells, and stably transfected cell pools were screened and analyzed for transgene expression. The results showed that SEE1 increased transient expression most strongly. However, hCPE enhanced eGFP transgene expression most significantly in stably transfected CHO cells, by about 2.45-fold. Erythropoietin expression analysis showed that hCPE induced the highest EPO productivity, followed by hCMV-IEE. We found that the enhancing effect of hCPE and hCMV-IEE was related with transgene copy number. In conclusion, we found that hCPE and hCMV-IEE cisacting elements combine with EF1-α can increase recombinant protein expression in CHO cells.
Introduction
Since the first use of recombinant tissue plasminogen activator for treating diseases (Kessler et al., 1988; Tideman et al., 1988) , the number of recombinant proteins used in therapeutic applications has greatly increased. Mammalian cells are predominantly used for the production of recombinant proteins because of their capacity for posttranslational modification and assembly of human protein-like molecular structures (Ho et al., 2013) . Chinese hamster ovary (CHO) cells are the most commonly used for transgene expression (Yusufi et al., 2017) , as they can confer natural post-translational modifications and a variety of amplification systems for stable cell line generation have been established for these cells (Gaudry et al., 2008) . CHO cells as a means to produce recombinant proteins have received primary attention during the last years. However, epigenetic effects can result in transgene silencing or lower transgene expression, thus limiting the application of recombinant proteins (Fromholt et al., 2016; Zhao et al., 2016; Veith et al., 2016) . Hence, a large number of candidate vectors need to be designed and screened to obtain a vector that significantly enhances ectopic gene expression. A few regulatory DNA elements, such as MAR , UCOE (Saunders et al., 2015) , cis-acting factor (Yang et al., 2012) , STAR (Hoeksema et al., 2011) , intron (Osabe et al., 2017) , IRES , exons (Lu et al., 2017) , and promoters (Ho et al., 2015) have been developed to enhance transgene expression.
The promoter is the critical element deciding the strength and temporal kinetics of transcription. The immediate-early promoter from cytomegalovirus (CMV) is commonly used in industrial protein production (Brown et al., 2015) . However, the CMV promoter is intrinsically susceptible to transcriptional silencing through DNA methylation, which can lead to low-level expression (Hsu et al., 2010; Osterlehner et al., 2011) . Previous study demonstrated that the promoter of human elongation factor (EF-1α) is a strong promoter that can be used for recombinant protein production (Orlova et al., 2014) . Some reports demonstrated that the use of synthetic promoters that are designed and optimized according to characters of natural promoters can https://doi.org/10.1016/j.ejps.2018.08.016 Received 18 May 2018; Received in revised form 12 July 2018; Accepted 11 August 2018 T significantly increase transgene expression levels (Brown et al., 2015; Magnusson et al., 2011; Kessler et al., 2016) . Brown et al. reported that 2/01 is a superb element which can significantly increase transgene expression in CHO cells (Brown et al., 2014) . Syn1 (Schlabach et al., 2010) and C77 (Kang et al., 2016) can increase transgene expression in Hela, mouse FL5.12, and CHO cells, respectively.
To establish an effective expression system in mammalian cells, in the present study, the effects of six cis-acing elements combined with the human EF-1α promoter on transgene expression of the reporter gene eGFP and erythropoietin in CHO cells were investigated.
Materials and methods

Vector construction
pIRES-neo vector (Clontech, Mountain View, USA), which is a bicistronic vector driven by the CMV promoter, was used as the backbone in this study. The enhanced green fluorescent protein (eGFP)-encoding gene was obtained from pEGFP-C1 (Clontech, USA) and was cloned into the pIRES-neo vector to generate pIRES-EGFP. The EF1-α (GenBank accession no: KY447299.1, positions 12-1346) promoter was synthesized by General Biosystems (Chouzhou, China), and was used to replace the CMV promoter in pIRES-EGFP to produce pIRES-EGFP-EF1-α which was used as control vector. Six cis-acting elements, hCPE, SEE1, SEE2, Syn1, hCMV-IEE, E77 were synthesized by General Biosystems and were respectively cloned into the pIRES-EGFP-EF1-α construct (Fig. 1A) . All cloning procedures were carried out using standard methods (Sambrook and Russell, 2001 ). The sequences of hCPE, SEE1, SEE2, Syn1, hCMV-IEE, C77 are listed in Supplement 1.
The erythropoietin gene (EPO, GenBank accession no: KF178447.1, positions 10-591) was amplified by PCR and was used to replace eGFP in the vector containing hCPE and hCMV-IEE according to standard molecular methods (Hsu et al., 2010) . Meanwhile, the control vector contain EPO was constructed (Fig. 1B) .
Cell culture and transfection
CHO-S cells (#A11557-01; Life Technologies) were grown in Dulbecco's modified Eagle's medium + F12 (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin (Beyotime, Shanghai, China). The cells were cultured in a humidified 5% CO2 atmosphere at 37°C. Before transfection, the cells were inoculated in 24-well plates at approximately 2 × 10 5 cells/well. When they reached 80-90% confluence, the cells were transfected with the eGFP or EPO expression vectors using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. At 48 h post transfection, fluorescence images of the transfected cells were obtained using fluorescence microscopy (Nikon ECLIPSE Ti; Nikon, Japan). All experiments were conducted in triplicate.
Transient expression of eGFP
The percentage of eGFP-positive cells and mean fluorescence intensity were evaluated using a Guava EasyCyte™ 8HT flow cytometer (Millipore Sigma, Darmstadt, Germany). The percentage of eGFP-expressing cells was detected by eGFP antibody labeling. Briefly, 1× 10 5 -10 6 cells/100 μL were collected,washed using cold PBS (containing 0.2% Tween-20) and centrifuged at 400g/min for 5 min. The step was repeated for four times. Each sample were added into 100 μL saponins (0.2%) at 4°C for 15 min, washed using cold PBS (containing 0.2% Tween-20) and centrifuged at 400g/min for 5 min. The step was repeated for four times.The sample was blocked with 5% BSA for 20 min, washed and centrifuged once again. GFP antibody were added and incubated at 4°C for 30 min. Cells were fixed using 4% paraformaldehyde at 4°C for 15 min. The samples were suspended in cold PBS (containing 10% FBS and 1% sodium azide) and then the percentage of eGFP-expressing cells was analyzed by flow cytometry. The numbers of eGFPpositive and eGFP-negative cells were calculated, and the transfection efficiency was represented as the ratio of eGFP-positive to total cells. Non-transfected cells were used as a negative control.
Stable expression of eGFP
At 48 h post transfection, cells were passaged and the cells transfected with vectors were seeded into 12-well plates at 4 × 10 5 cells/ well into medium containing the antibiotic G418 (800 μg/mL final concentration) for screening. When the non-transfected cells were eliminated. Then, The transfected cells were further cultured in medium containing G418 (400 μg/mL). At 30 days post transfection, when the cell confluence reached 90%, the cells transfected with different vectors containing the eGFP gene were harvested using 0.25% trypsin/EDTA and were analyzed using Guava EasyCyte™ 8HT flow cytometer (Millipore-Sigma, Darmstadt, Germany).
Western blotting
The cells transfected with the EPO gene were screened as described above and stably transfected cells were proliferated in the presence of G418 (400 μg/mL). Then, the cells were suspended at a concentration of 5 × 10 5 cells/mL in serum-free medium in 125-mL Corning shake flasks without antibiotic. The supernatant was collected to detect EPO by western blotting. 20 μL of supernatants from sample was taken and electrophoresed on a 12% SDS-PAGE gel (Beyotime, Shanghai, China). The proteins were transferred to a polyvinylidene fluoride membrane (Bio-Rad, USA) and reacted with EPO antibody (diluted 1:1200; R&D, California, USA) at 4°C overnight, and then with rabbit anti-goat IgG1 antibody conjugated with horseradish peroxidase (1:1000; Sigma, Germany).
ELISA
Volumetric EPO production was measured using ELISA. 96-well immunoassay plates (JET BIOFIL, Guanghzou, China) were coated with the capture antibody (R&D Systems, Minneapolis, USA), allowing the captured EPO which was detected with Goat Anti-Rabbit IgG (H + L) antibody horseradish peroxidase conjugate (Earthox, Peking, China). Reactions were visualized by TMB solution (Beyotime, Shanghai, China), and OD of each well was measured at 450 nm. A) EF1-α, elongation factor-1a promoter; hCPE, human cytomegalovirus immediate early core promoter element; SEE1, the first TREF of the second generation synthetic promoter. SEE2, the G-box of SEE1 is replaced NFkB; Syn1, strongest double synthetic enhancer; hCMV-IEE, human cytomegalovirus immediate early enhancer; C77, a regulatory element isolated from CHO-K1 genomic DNA. SpA, simian virus 40 early polyadenylation signal; EGFP, enhanced green fluorescence protein cDNA. B)EGFP gene were replaced by EPO in the vector which contain hCEP and hCMV-IEE, meanwhile, the control vector were constructed.
Real-time (q)PCR analysis
To detect mRNA expression levels and EPO relative copy numbers, three different transfected cell pools were collected. Total mRNA was extracted using TRIzol (TAKARA, Dalian, China) and used in the reverse transcription with the HiFiScript first strand cDNA synthesis kit (CWBIO, Beijing, China) according to the manufacturer's protocol. Genomic DNA was extracted using the Genomic DNA Mini Preparation Kit with Spin Column Kit (Beyotime, Jiangsu, China), according to the manufacturer's instructions. PCR primers targeting EPO and GAPDH (internal reference gene) were designed according to the corresponding reported sequence (Table 1 ). The cDNA (200 ng) and genomic DNA (200 ng) were used for quantitative PCR using SYBR (TAKARA, Dalian, China). The reaction mixture (10 μL) consisted of 4 μL template DNA (0.05 μg/μL), 5 μL SYBR Green (TAKARA, Dalian, China), 0.3 μL of each of the forward and reverse primers (10 nmol/mL), and 0.4 μL deionized water. Thermal cycles were as follows: 95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s, and 60°C for 1 min. and the Ct values were used to calculate the gene relative expression using 2 -ΔΔCt method.
Bioinformatics analyses
Bioinformatics analyses were performed according to a previous study . The JASPAR database (http://jaspar.binf.ku. dk/) was used to analyze allele-specific transcription factor-binding sites. Structural motifs were identified using GeneExpress software.
Statistical analysis
All experimental data ware analyzed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± standard deviation. All experiments were performed in triplicate. Differences with P values < 0.05 were considered statistically significant.
Results
Transfection efficiency and eGFP transient expression
Transfection efficiency is very important in transient expression. CHO cells transfected with constructs harboring the different cis-acting elements was observed by fluorescence under a fluorescence microscope ( Fig. 2A) . The transfection efficiency was analyzed using anti-GFP antibody. The transfection efficiency was the highest for the plasmid containing hCMV-IEE (93.65%), followed by the plasmids harboring hCPE (91.07%) and Syn1 (72.56%), the control plasmid (64.14%), and constructs containing C77 (60.98%), SEE1 (58.91%), SEE2 (49.37%) (Fig. 2B) . While hCPE was the shortest element, but its effect on transfection efficiency was lower than that of the hCMV-IEE. On the other hand, the longest element, C77, exhibited the higher transfection efficiency than other shorter elements. These findings suggest that the length of the cis-acting element is not related to transfection efficiency.
To investigate the effects of the cis-acting elements on transient expression of recombinant protein in CHO cells, eGFP expression was measured by cytometry at 48 h after transfection. Means fluorescence intensity (MFI) were calculated for each transfected cell pool. The results demonstrated that SEE1, hCPE, hCMV-IEE, SEE2 increased eGFP expression compared with that of the control. SEE1 showed the strongest promoting effect (1.83-fold), followed by hCMV-IEE (1.74-fold), hCPE (1.59-fold), and SEE2 (1.14-fold), However, the Syn1 and C77 elements did not increase the expression of recombinant protein as compared to the control (Fig. 2C) .
eGFP expression in stably transfected cells
Long-term stable target gene expression is required for industrial production of recombinant proteins. To test the stability of the cisacting elements, cells transfected with the respective vectors were cultured under G418 (800 μg/mL) selection. When the non-transfected cells were eliminated, stably transfected cell colonies were formed, and the concentration of G418 was reduced to 400 μg/mL to maintain the selection pressure. At 30 days post transfection, the cells were collected by 0.25% trypsin/EDTA to detect eGFP expression using flow cytometry, one represent flow cytometry results were demonstrated (Fig. 3A) . Futhermore, we analysed three times expremental data found that hCPE (6.05 × 10 5 ) significantly increased the MFI with the strongest effect, followed by hCMV-IEE (4.85 × 10 5 ), C77 (4.76 × 10 ( Fig. 3B ). eGFP expression levels relative to the control were calculated (Fig. 3C) . Moreover, we also detected the cells viability when transfected different vectors. The cells transfected with different vectors were suspended in serum-free medium in 125-mL Corning shake flasks. The growth curve was showed (Fig. 3D ). and we found that hCPE was better element in the part of enhancing eGFP expression. However, Syn1 cannot enhance eGFP expression in the stably transfected cells.
Variation analysis of eGFP expression
The coefficient of variation (CV) reflects the range of transgene expression levels. Thus, we next calculated CV values of eGFP intensity. In transient expression, the CV values for hCPE, SEE1, SEE2, hCMV-IEE were lower, whereas that of Syn1 was higher than that of the control (Fig. 4) . However, in stably transfected cells, the CVs for all elements were lower than that of control (Fig. 4) , suggesting that the used elements can decrease the variation of transgene expression to some extent.
Analysis of EPO expression
According to the eGFP expression levels, we found that hCPE and hCMV-IEE were preferable cis-acting element in enhancing transgene expression. To further investigate the effects of the hCPE and hCMV-IEE elements on recombinant protein expression, we replaced the eGFP reporter gene with the therapeutic protein-encoding gene EPO in all vector constructs and transfected them into CHO cells. Transfected cells were screened using G418 and then were cultured in serum-free medium in 125-mL Corning shake flasks without screening pressure. After six days, supernatants were collected and EPO was detected by Western blot analysis (Fig. 5A ). ELISA analysis indicated that hCPE plasmid-harboring cells had the highest EPO yield (52.17 mg/L), followed by hCMV-IEE construct-expressing cells (51.57 mg/L) and control cells (47.82 mg/L) (Fig. 5B) . The elements enhanced the EPO expression levels that were similar to those of eGFP expression. However, no relationship was found between EPO and eGFP expression levels.
qPCR analysis of EPO mRNA expression
EPO mRNA expression was analyzed by qPCR. The Ct values were determined (Fig. 6A) , and the results demonstrated that the vector containing hCPE yielded the highest relative mRNA expression levels (3.36), followed by the hCMV-IEE construct (2.44) (Fig. 6B) . The qRT-PCR data showed that EPO expression at mRNA level was consistent with the expression levels at protein level.
qPCR analysis of EPO gene copy number
How cis-acting elements increase transgene expression is not fully understood. We aimed to investigate whether the cis-acting elements induce transgene expression by increasing the copy number of the integrated transgene. To this end, we performed qPCR analysis using genomic DNA extracted from a total polyclonal population of EPOtransfected CHO cells with hCPE and hCMV-IEE, and without a cisacting element. Relative to the control vector (set as 1 copy), the hCPE and hCMV-IEE vectors showed approximately 8.9 copies and 6.6 copies in the transfected CHO cells (Fig. 7A) . hCPE and hCMV-IEE significantly both increased the number of transgene copies compared to the construct without cis-acting elements. In addition, we found that higher gene copy numbers conferred higher recombinant gene expression (Fig. 7B) .
Bioinformatics analyses
The differential activities of the cis-acting elements may be due to specific transcription factor binding sites (TFBS). In this study, bioinformatics analysis results indicated that the TFBS of CREB were harbored in hCPE and hCMV-IEE, but the TFBS of SEE1, SEE2, Syn1 and hCMV-IEE did not contain or fewer CREB (Table 2) .
Discussion
The CHO cell expression system is important in the field of biomedicine, and nearly 70% of recombinant proteins are produced in CHO cells. High transgene expression is ideally required for CHO-based protein production. In our study, we investigated the effects of six cisacting elements on transgene expression in CHO cells. We found that the hCPE and hCMV-IEE elements improved both eGFP and EPO transgene expression most effectively in stably transfected CHO cells and thus have good application potential.
Previously report demonstrated that the EF-1α promoter is stronger than the CMV promoter (Hsu et al., 2010) . Therefore, in this study, we used the EF-1α promoter to construct synthetic promoters. Transfection efficiency is affected by multiple factors. Among the seven vectors tested here, the control vector was the shortest, but did not show the highest transfection efficiency, while the hCMV-IEE construct was the second longest and showed the highest transfection efficiency in CHO cells. These observations suggest that transfection efficiency is not solely affected by the cis-acting element length. But may also be related to the number of transcription factor binding sites in the element, the cell line, and the developmental stage of the cells, which is consistent with previous studies (Hsu et al., 2010; Tian et al., 2018) .
Transient expression analysis showed that SEE1, hCPE, hCMV-IEE, SEE2 increased eGFP expression compared to the control in transfected CHO cells, but Syn1 and C77 did not. Stable expression results exhibited that SEE1, hCPE, hCMV-IEE, SEE2, and C77 increased eGFP expression compared with the control, but Syn1 did not showed this effect. These inconsistent or even conflicting results between transient and stable expression may be explained by the fact that for stable expression, the target gene needs to be integrated into the chromosome. Transgene expression is lower when the gene is inserted in non-permissive chromosomal domains. Transgenes may be effectively bracketed by cisacting elements and thereby be shielded from adopting a repressive structure, even if when integrated in repressive domains. However, some cis-acting elements do not exert this effect. This phenomenon indicates that the protein production level cannot be predicted upon stable expression of recombinant protein.
Previous studies have shown that C77 can improve transgene expression by increasing the positive clonal rate in CHO-K1 cells (Kang et al., 2016) . However, in this study, the vector containing C77 did not significantly increase transient transgene expression in CHO cells compared with the vector containing solely the EF1-α promoter, but it did enhance stable transgene expression. The mechanism of C77's effects on transgene expression is unclear. We speculate that the effects of C77 on transgene expression are similar with some cis-acting elements (such as MARs), which can only significantly increase transgene expression under stably transfection, not function in transient expression. These cis-acting elements may act as chromatin boundary elements to exert the anti-silencing and transcriptional augmentation activities via mediating chromatin loop formation. In transient transfections, transgene is not integrated into the host genome and remains episomal until the plasmid either lost from the population or become integrated. The synthetic CMV core-EF1-α hybrid promoter can significantly improve transgene expression compared with the control (EF1-α promoter), with a maximum ten-fold increase, in CHO cells (Magnusson et al., 2011) . In the present study, the EF1-α-CMV core vector improved transgene expression in CHO cells by 2.45-fold as compared to the EF1-α promoter alone. The hCPE element combined with the EF1-α or can significantly increase transgene expression; thus, differential effects may be related to the element position in vectors or cell system used.
The CAG promoter is a strong promoter, which can significantly drive the expression of exogenous genes (Roodbari et al., 2012) . We analyzed the sequence of the CAG promoter and then designed the hCMV-IEE which was combined by CAG enhancer and EF1-α to evaluate its effect on transgene expression in CHO cells. We found that the hCMV-IEE element enhanced transgene expression by about 1.97-fold. SEE1 also can significantly enhance eGFP expression (Brown et al., 2014) . G-box and NFκB can regulate transgene expression Masuki et al., 2017; Templin et al., 2017) . Thus, we combined the G-box of SEE1 with that of NFκB to form SEE2. The study found that the effect of SEE1 was stronger than that of SEE2 in transient expression. However, the SEE2 element was better than SEE1 for stable, strong eGFP expression in CHO cells. These results showed that the effect of NFκB is superior to that of G-box on transgene expression level and stability.
CV values reflect the variation in the expression of exogenous genes. The stablely transfected cell polls were suspended in serumfree medium. A) Western blot. After six days culture in serum-free medium, the supernatant was collected and then analysis the EPO using Western blot. B) EPO productivity. Volumetric EPO production were analyzed by ELISA. Lane 1: hCPE; Lane 2: hCMV-IEE; Lane 3: control.
Previous studies have reported that the CMV promoter was associated with a high CV, which lead to instability of recombinant protein expression (Osterlehner et al., 2011; Moritz et al., 2016) . The stability of recombinant protein expression under the EF1-α promoter was better than that under the CMV promoter (Magnusson et al., 2011) . Some reports have demonstrated that cis-acting elements can reduce the CV (Roodbari et al., 2012) . In this study, the CV value of expression under the Syn1 element was the largest in transient expression. The hCPE, C77, SEE1, SEE2 and hCMV-IEE elements to some extent decreased the CV values compared with the promoter alone. As a double enhancer, Syn1 could effectively reduce the CV in eGFP expression compared with the other elements in stably transfected cells. Thus, we conclude that the cis-acting elements can reduce the CV in eGFP expression, and the CV values are not related to the eGFP expression level. Our results showed that the hCPE-containing vector yielded the highest EPO productivity, which demonstrated that EF1-α combined with the CMV core element can overcome epigenetic silencing effect and can enhance the EF1-α transgene expression-promoting effect. The EPO protein biosynthesis involves the series complicated genetic regulation from mRNA synthesis to protein production, such as posttranscriptional regulation, translational regulation, post-translation modification and protein secretion. We think these processed may results in the expression difference between the mRNA and protein level. The eGFP may be the same case, but the individuality difference of protein synthesis exists. eGFP is a simple and non-secretory protein, the results need to be further verified.
The fact that the cis-acting elements showed different activities may be due to specific transcription factor binding. Bioinformatics analysis indicated that CREB were harbored in hCPE and hCMV-IEE,but SEE1, SEE2, Syn1 and C77 elements contain no or fewer CREB motif (Table 2) . We speculate that CREB may contribute to enhance the transgene expression. In the previous study, GATA, NFκB, CEBP in transgenic expression may not be as good as CREB. The present study found that the copy number of hCPE and hCMV-IEE were higher than other vectors. The gene copy number is affected by different cis-acting element due their feature sequences. In the present study, hCPE and hCMV-IEE transfection can result in multiple copies compared to the control plasmid, which are rich in CREB TFBS motif. Other cis-acting elements did not contain or fewer CREB motif. We speculated that the CREB may have a special effect in the gene integration. In the previous study, MAR-68 can significantly the number of integrated transgene copies compared with the control, whereas MAR-29 did not. The ability of MAR-68 increasing transgene copy number results mainly from the extended AT-rich core (Arope et al., 2013) .
Conclusion
In conclusion, we evaluated the effect of six cis-acting elements on the transgene expression in CHO cells, and found that hCPE and hCMV-IEE had a significant effect on exogenous gene expression and thus can be used to increase recombinant protein expression in CHO cells.
Supplementary data to this article can be found online at https:// Fig. 6 . Recombinant EPO expression at mRNA levels. The cells stably transfected with hCPE, hCMV-IEE and the control vector which containing EPO gene were detected the EPO expression at mRNA levels. A) Ct values of EPO and internal reference gene (GAPDH) were measured by qRT-PCR. B) mRNA expression levels were calculated using 2 -ΔΔCt method. (* compared with control p < 0.05).
Fig. 7.
Gene copy numbers was determined with fluorescent quantitative PCR. We collected the stably cells that transfected with EPO vector. The copy numbers were tested using fluorescent quantitative PCR. A) EPO gene copy number. Copy number's mean values differed between the vectors containing the hCPE, hCMV-IEE and control. B) the relationship between EPO gene copy number and volumetric production.
Table 2
Bioinformatics analyses of six cis-acting elements. doi.org/10.1016/j.ejps.2018.08.016.
